Abstract-We present a novel low-complexity digital filter-based backpropagation (DFBP) technique to compensate the nonlinear distortions induced by a wavelength converter based on fourwave mixing in a semiconductor optical amplifier. We first develop the DFBP based on a small-signal approximation and probe performance via numerical simulations. We also experimentally demonstrate that application of DFBP to wavelength conversion of 10 Gbaud 16-QAM and 5 Gbaud 64-QAM signals significantly improves the error-vector magnitude and the bit error rate when the wavelength converted signal is limited by the nonlinear distortions.
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I. INTRODUCTION

C
OHERENT systems use spectrally-efficient advanced modulation formats, like quadrature phase-shift keying, 16-quadrature amplitude modulation (QAM), and 64-QAM, for spectral efficiency [1] . The use of digital signal processing (DSP) at the receiver, concomitant with the recent advent of coherent detection in wavelength division multiplexing networks, enables flexible and agile transparent networks that adapt parameters such as data rate, frequency spacing and modulation format according to desired reach and amount of traffic [2] - [4] . For instance, modulation formats up to 64-QAM are compatible with the limited coverage area of metro networks; various formats are currently being investigated to achieve the best capacity × reach product for data rates beyond 100 Gb/s [5] . The reach and capabilities of these networks can be improved by the use of wavelength conversion to optimize wavelength usage. Wavelength converters (WCs) are also critical building blocks for optical routers, for instance in data centers [6] , [7] . The performance of future all-optical networks is therefore likely to depend on the efficiency of WCs. The authors are with the Department of Electrical and Computer Engineering and the Center for Optics, Photonics and Lasers, Université Laval, Québec, QC G1V 0A6, Canada (e-mail: benoit.filion.2@ulaval.ca; truongan.nguyen.1@ulaval.ca; leslie.rusch@gel.ulaval.ca; sophie.larochelle@gel. ulaval.ca).
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Four-wave mixing (FWM) in semiconductor optical amplifiers (SOAs) has been proposed as an efficient and practical wavelength conversion mechanism because of its compactness, low pump powers, high conversion efficiency (CE) and transparency to modulation formats [8] . A limitation of FWM in a SOA is the small conversion range, which is on the order of a few nanometers. Fortunately, it is possible to extend the conversion range over the broad gain spectrum of the SOA by using two pumps [9] . 10 Gbaud 16-QAM wavelength conversion was experimentally demonstrated using FWM in a quantum-dot SOA [10] while we also recently experimentally studied wavelength conversion of 16 Gbaud 16-QAM and, for the first time, 5 Gbaud 64-QAM signals in a commercial multi-quantum well SOA [11] . We showed in [11] that the patterning effect is non-negligible, even in the presence of a strong pump. Due to this effect, a careful optimization of the signal and pump power is required to trade-off CE and induced nonlinearities. Using a co-polarized dual-pump configuration, we successfully achieved wavelength conversion of both modulation formats over the entire C-band for a wide range of input optical signal-to-noise ratio (OSNR).
Recent DSP research examines electronic post-compensation of the nonlinear distortions induced by SOAs. A low-complexity analog post-compensation scheme based on a small-signal approximation of the dynamic gain rate equation [12] of the SOA was proposed in [13] . The extension of [13] into a digital filterbased back-propagation (DFBP) approach was also demonstrated via numerical simulations of a realistic communication system in [14] and an experimental validation was completed in [15] . Ghazisaeidi and Rusch [14] found that, for a realistic situation where the sampling time of the receiver is close to the Nyquist rate, the DFBP not only offers substantially lower complexity, but is also more accurate compared to the more traditional approach. The latter employs a hardware implementation of the classical Runge-Kutta order 4 (RK4) method to solve the dynamic gain rate equation. The target applications in [13] - [15] were SOAs used as linear amplifiers.
Here we develop, for the first time, a DFBP technique to postcompensate the nonlinear distortions induced by a WC based on FWM in a SOA. The post-compensation technique in [13] is based on a small-signal approximation of the dynamic gain rate equation. Only single wavelength systems were examined, so no optical filtering was necessary. For wavelength conversion applications, an optical filter (OF) is used to select only the wavelength converted signal, often called the conjugate. Due to the OF, the receiver does not have knowledge of the full field at the SOA output. Thus, the analysis in [13] must be modified. The two analytical approaches are contrasted in Fig. 1 where the simplified block diagrams of the post-compensation scheme for linear amplification (see Fig. 1(a) ) and wavelength conversion (see Fig. 1(b) ) are presented. The small signal analysis for FWM begins with the equations developed during the analysis of the interaction of two short pulses in an SOA [16] . From the knowledge of the conjugate, using small-signal analysis, we can estimate the signal at the SOA input (signal in,est in Fig. 1(b) ) and develop a DFBP technique for FWM in SOAs. This paper is organized as follows. In Section II, we introduce the theory that leads to the main equations for the implementation of DFBP. In Section III, we investigate the performance of DFBP via numerical simulations of 10 Gbaud 16-QAM and 5 Gbaud 64-QAM wavelength conversion. In these simulations, we first consider an ideal transmitter and receiver and next consider the case when the sampling time of the receiver approaches the Nyquist rate. Finally, we validate our DFBP scheme via experimental measurements of 10 Gbaud 16-QAM and 5 Gbaud 64-QAM wavelength conversion in Section IV.
II. THEORY
FWM in a SOA is achieved by simultaneously injecting at its input one continuous wave (CW) signal, called pump, together with the data modulated signal to be converted. The gain and the refractive index of the amplifier are then modulated at the frequency detuning Ω, defined as the optical frequency separation between the signal and the pump [8] . A new optical field, the conjugate, is generated during the propagation within the SOA. In the case of phase modulated signals, the quality of the wavelength conversion is limited by the addition of phase noise originating from the SOA amplitude-phase coupling parameterized by the linewidth enhancement factor, often called the α-factor [17] , [18] .
Our proposed DFBP scheme is based on an analytical solution of nondegenerate FWM between two optical pulses in a SOA [16] . Here, we focus on the case of nearly degenerate FWM between a CW pump and a signal carrying the modulated data. In this section, we introduce the FWM small-signal theory, we derive the main equations of the DFBP approach and we illustrate its implementation.
A. FWM Small-Signal Theory
At the input of the SOA (z = 0) is a pump E p at ω p , and a modulated, weaker signal E s at ω s , thus
Introduced by Agrawal and Olser in [12] , the integrated gain h (t) of the SOA is found through the following ordinary differential equation
where h 0 is the small-signal integrated gain, τ s is the carrier lifetime and P sat is the saturation power. The instantaneous output of the SOA, E out (t), is given by
where α is the linewidth enhancement factor of the SOA. The integrated gain h (t) can be decomposed into a baseband term h bb (t) and a sideband term h sb (t) yielding
Ωt , and apply a small-signal analysis to (2) . Since the pump is much stronger than the signal, we apply a one-term expansion for the exponential perturbation, i.e., e
, leading to the following system of ordinary differential equations
Under small-signal analysis, the field at the output of the SOA is given by
where the first term corresponds to the pump, the second term to the original signal and the last term to the conjugate. After optical filtering, only the conjugate term remains, which is where we continue our development. For wavelength conversion applications, the detuning frequency is considerably higher than the signal baud rate. Thus, we consider the changes in the signal intensity to be quasistatic with respect to the gain variations that are oscillating at the detuning frequency. Under this assumption (6) can be solved analytically, resulting in the following expression for h *
Finally, (8) together with the last term of (7) gives the equation for the conjugate field E c
where
B. Digital Filter-Based Back-Propagation
The temporal variation of h bb (t) induces nonlinear distortions on the conjugate E c (t) in (9) . Given h bb (t), by solving (4) with for a given input power, we can compensate for these distortions and improve the quality of the wavelength conversion. To solve (4) we write the gain as its mean value plus a zero-average perturbation term:
We normalize the input powers to P sat and apply the same decomposition (note the pump has constant power), i.e., |E p | 2 /P sat =p p and |E s (t)| 2 /P sat =p s + δp s (t). Under the small-signal approximation (δh bb (t)
h bb ) and neglecting the second and last terms of (4),h bb and δh bb (t) are the solutions of
and
respectively. Thus, we arrive at the well-known fact that the small-signal approximation, the SOA acts as a low-pass filter between the optical intensity and the gain fluctuations [19] :
where ⊗ denotes the convolution,
and m (t) is a single-pole low-pass filter with time constant
In the practical case where the instantaneous input signal power |E s (t)| 2 is unknown at the receiver, a post-compensation scheme cannot be implemented. However, with (9) , and the receiver knowledge of E c (t), we can find an estimate of |Ê s (t)| 2 that is given by
Note that perturbation model of the conjugate gives
the pump power is fixed and known, and the static gainh bb is found through
Replacing
where K is given by
Since we have knowledge of |E c (t)| 2 at the receiver, a digital filter can be implemented to post-compensate the conjugate with (17)- (21) . Taking the Laplace transform of K · m (t) and applying the bilinear transform [20] leads to the following discrete Fig. 2 . Block diagram of the DFBP scheme applied with the knowledge of E c (t): the first block encompass the approximation of E s (t) (see (17) ), the second block is the digital filter (see (23) ) and the third one is the actual post compensation (see (26)). 
The post compensated conjugateÊ c (t) is found
The block diagram for the implementation of the DFBP is shown in Fig. 2 .
III. NUMERICAL SIMULATIONS
We simulate wavelength conversion of 10 Gbaud 16-QAM and 5 Gbaud 64-QAM. The block diagram of the simulated system is shown in Fig. 3 . We assume CW optical sources with zero phase noise for both the signal and the pump. The wavelength detuning between the pump wavelength λ p and the signal wavelength λ s is set to 0.3 nm for all numerical simulations. The IQ-modulator is assumed ideal with infinite extinction ratio and zero insertion loss, and the pulse shaper consists of a root raised cosine filter with a roll-off factor of 0.3. Our nonlinear SOA model is the numerical solution of the ordinary differential equation (2); solving this equation with RK4 numerical technique using an extremely fine time-step closely reflects true behaviour [14] . The simulation time step Δt sim was determined by the largest value for which the numerical SOA output converges (we obtained good accuracy and reasonable computation time with Δt sim = 6.25 ps). We do not include amplified spontaneous emission (ASE) noise in the SOA model, a fair assumption as the SOA is operated under heavy saturation for wavelength conversion applications. Table I shows the SOA parameters used for the numerical simulations. The output of the SOA is passed through a second order super-Gaussian OF to select the conjugate. The OF bandwidth was carefully chosen to obtain the best compromise between pump power suppression and conjugate power transmission. We assume an ideal receiver front-end with a bandwidth larger than that of the OF. In the DSP section, the signal is first downsampled to match the receiver sampling rate before going through the DFBP stage. Afterwards it goes through retiming, it is downsampled to the symbol rate, blind phase recovery is performed and finally symbol decisions are made.
A. Numerical Results with an Ideal Sampling Time
For the first set of numerical simulations, we examine wavelength conversion of 10 Gbaud 16-QAM and 5 Gbaud 64-QAM for several operating conditions, i.e., pump and signal powers. We apply the DFBP on the simulated conjugate and compare error vector magnitude (EVM) with and without DFBP. The sampling rate is considered ideal and corresponds to the simulation sampling rate 1/Δt sim = 160 GHz, i.e., 16 samples per symbol for 10 Gbaud and 32 samples per symbol for 5 Gbaud. Fig. 4 shows the simulation results for 10 Gbaud 16-QAM at the SOA output and after application of DFBP. Fig. 4(a) shows the EVM and (b) shows some received constellations examples.
Since there is no ASE either coming from amplification of the conjugate or from the wavelength conversion itself, the system in our simulations is solely limited by the nonlinearities induced by the SOA. In a communication system with amplification stages along the transmission link, the ASE would also impose some limitations on the conjugate. As expected, we observe from Fig. 4(a) that the degradation caused by the nonlinearities from the wavelength conversion process becomes significant as the signal power increases. It is also more severe for the case with the lower pump power (5 dBm): that is because the more the pump saturates the SOA, the more the gain fluctuations caused by the time-varying input signal are reduced. As soon as a penalty is induced on the conjugate EVM (P s ≥ −12 dBm for P p = 5 dBm and P s ≥ −8 dBm for P p = 10 dBm), the beneficial impact of the DFBP on the EVM becomes apparent. The EVM improvement for P p = 5 dBm is 0.8% with P s = −6 dBm and goes up to 2.8% for the worst case, that is P s = 0 dBm. For P p = 10 dBm, the EVM improvement goes up to 1.4%with P s = 0 dBm. Fig. 5 shows the simulation results for 5 Gbaud 64-QAM at the SOA output and after application of DFBP. Fig. 5(a) shows the EVM and (b) some received constellations examples. Because of the lower baud rate, EVM less than 1% is achieved for low input signal power for 5 Gbaud 64-QAM, while it is ∼ 4.5% for 10 Gbaud 16-QAM. The bandwidth of the OF was adjusted at each baud rate to select the conjugate and reject the pump. In the case of 10 Gbaud 16-QAM, the filter roll-off was a limiting factor because, at fixed detuning, the pump is closer to the edge of the 10 Gbaud signal compared to the 5 Gbaud signal. As the 64-QAM constellation is "denser" than the 16-QAM constellation, the signal power for which the nonlinear distortions become a limiting factor is significantly lower (P s ≥ −20 dBm for P p = 5 dBm and P s ≥ −16 dBm for P p = 10 dBm). Thus, we expect the improvement due to our DFBP scheme to be more significant. In fact, the numerical results in Fig. 5(a) show that the EVM improvement for P p = 5 dBm is 1.4% with P s = −10 dBm and becomes greater than 3% for P s ≥ −4 dBm. For P p = 10 dBm, the EVM improvement is 1% for P p = −6 dBm and becomes greater than 2% for P s ≥ −2 dBm. Furthermore, the EVM improvement for the case of P p = 5 dBm yields performance equivalent to P p = 10 dBm without DFBP. We also note that the EVM for P p = 5 dBm with P s = −2 dBm and P s = 0 dBm is comparable; in fact, we expect BER to vary for these two cases. The EVM fails as a figure of merit for severe nonlinear distortions (see Fig. 5(b) ), as symbol decisions are assumed to be correct in the EVM calculation, when in fact they are likely to be erroneous in this regime. 
B. Numerical Results with a Realistic Sampling Rate
For the next numerical simulations, we investigate the DFBP performance when the sampling rate approaches practical values. N s is defined as the number of samples per symbols at the output of the first downsampling stage (see Fig. 3 ). Next, the downsampled signal is interpolated with a cubic interpolator before passing through the DFBP stage. Finally, timing recovery, downsampling at the symbol rate and symbol detection is done. Fig. 6 shows the simulation results of 10 Gbaud 16-QAM wavelength conversion with a pump power of 5 dBm and a signal power of −6 dBm (see Fig. 6(a) ), and with a pump power of 10 dBm and a signal power of 0 dBm (see Fig. 6(b) ). The number of samples per symbols N s = 2 p is swept for p = 1, . . . , 5. For both cases, there is no significant EVM degradation when N s → 2. Fig. 7 shows the simulation results of 5 Gbaud 64-QAM wavelength conversion with a pump power of 5 dBm and a signal power of −6 dBm (see Fig. 7(a) ), and with a pump power of 10 dBm and a signal power of −2 dBm (see Fig. 7(b) ). The number of samples per symbols N s = 2 p is swept for p = 1, . . . , 6. For 64-QAM, there is an EVM penalty when p = 1 compared to p = 2, . . . 6, which all exhibit the same performance for both pump power values. Nevertheless, the EVM improvement is still quite significant even for p = 1. As was the case in the previous section with an ideal sampling time, the EVM is an unreliable performance metric with a pump power of 5 dBm and a signal power higher than −4 dBm, due to the high nonlinearities causing many incorrect symbol decisions.
IV. EXPERIMENTAL MEASUREMENTS
The experimental setup of our experimental measurements is presented in Fig. 8 . A tunable laser at λ s = 1549.3 nm is modulated by an in-phase/quadrature Mach-Zehnder modulator (IQ-MZM). For the 16-QAM experiments, the IQ-MZM is driven by a bit pattern generator producing two-level inphase data streams of 2 15 − 1 and 2 9 − 1 pseudo-random-bitsequences and two-level quadrature data streams of 2 20 − 1 and 2 15 − 1 pseudo-random-bit-sequences. For the 64-QAM experiments, the IQ-MZM is driven by a digital to analog converter (DAC) with 3 bits resolution. The DAC is driven by three-level data streams of 2 7 − 1, 2 11 − 1 and 2 20 − 1 pseudo-randombit-sequences. A phase shifter is used to decorrelate the data streams in order to generate the in-phase and the quadrature component. The modulator output is fed into an erbium-doped fiber amplifier (EDFA) followed by an OF with 1 nm bandwidth tuned at λ s , a polarization controller (PC) and a variable optical attenuator (VOA).
Another tunable laser delivering the pump is amplified by an EDFA and followed by a PC. The pump wavelength λ p is fixed at 1550 nm for all experiments. The signal and the pump are combined using a 2 × 1 coupler. Thus, the wavelength detuning between the signal and the pump is Ω = λ s − λ p = 0.3 nm for both 16-QAM and 64-QAM wavelength conversion experiments. The signal and the pump are combined using a 2 × 1 coupler.
The modulated signal and the pump are simultaneously injected into a nonlinear SOA (SOA1117/CIP) operating over the C-band (1528 to 1562 nm) with 20 dB small-signal gain, 9 dBm output saturation power and <1 dB polarization dependent gain. Two isolators (not shown in Fig. 8 ) are used before and after the SOA to suppress back reflections. The FWM term (the conjugate) is filtered with a tunable OF with variable bandwidth (BFV-200-SM-FA/Alnair Labs) and passed through a VOA before going to the pre-amplified receiver. The conjugate is coherently detected using a tunable laser at λ lo as local oscillator. The optical power at the input of the coherent receiver (CRx) is kept fixed at −8 dBm for 16-QAM wavelength conversion and at −6 dBm for 64-QAM wavelength conversion. The coherently detected signal is finally sampled by the real time oscilloscope (RTO) at 80 GSa/s with 30 GHz electrical bandwidth. Fig. 9 shows typical spectrums for the SOA input and output of 16-QAM and 64-QAM wavelength conversion experiments.
In the DSP stage, we first apply the DFBP algorithm. SOA parameters were extracted from experimental measurements according to Appendix A. Next, we apply a second order super Gaussian low-pass filter, performed resampling, timing recovery and frequency offset compensation (FOC) using the estimator suggested in [21] . Following the FOC, a decision-directed equalizer based on the Wiener-Hopf equations (WHDD-EQ) [22] and a decision-aided maximum likelihood algorithm was used for phase recovery [23] . We again applied a WHDD-EQ to further equalize with the more reliable decisions following phase recovery. Finally, hard-threshold decision was performed on I and Q individually, we counted the errors and estimated BER.
A. 16-QAM Wavelength Conversion
We performed wavelength conversion of 10 Gbaud 16-QAM signal for several operating conditions, i.e., pump and signal power. Since the sampling rate of our RTO is 80 GHz, the corresponding number of samples per symbols is N s = 8. Fig. 10 shows experimental results for 10 Gbaud 16-QAM wavelength conversion. We measured the CE (see Fig. 9(a) ), defined as the ratio of conjugate power to the input signal power, the OSNR at the input of the CRx (see Fig. 10(b) ), the EVM (see Fig. 10(c) ) and finally the BER (see Fig. 10(d) ). The amount of CE compression in Fig. 10(a) is of the order of a few decibel which is consistent with numerical predictions when using [24] . From the EVM measurements shown in Fig. 10(c) , we get the same behavior as in the numerical simulations results of Fig. 4(a) . The EVM improvement for P p = 5 dBm is 0.7% with P s = −6 dBm and goes up to 2.1% for the worst case that is P s = 0 dBm. For P p = 10 dBm goes up to 1% for P s = 0 dBm. Of course, the overall EVM is better in the numerical simulations because of the assumptions on the transmitter.
As discussed in [11] , optimizing the pump power for maximum CE (P p = 5 dBm in Fig. 10(a) ) does not translate into an optimal EVM (Fig. 10(c) ) as there is a trade-off between ASE noise and nonlinearities: better CE exhibits better OSNR at the CRx as less gain is needed at the pre-amplified receiver (see Fig. 10(b) ), but also leads to more nonlinear distortions induced by the SOA during the wavelength conversion process as the amplifier is less saturated than for P p = 10 dBm. Also, the EVM worsens for P p = 10 dBm when P s ≤ −8 dBm. Since the input signal power is low and the CE non-optimal, the received signal becomes ASE-limited after the pre-amplified receiver. Since no ASE is included in our numerical simulations, this behavior is not observed in Fig. 4(a) and the EVM stays at its minimal value. Finally, with 16-QAM, we do not notice a significant improvement on the measured BER (see Fig. 10(d) ). That is because the nonlinearities alone are not significant enough to degrade the BER. However, with losses after wavelength conversion (e.g., coming from optical fibers) the nonlinearities will reduce the ASE tolerance of the constellations (see Fig. 10(e) ) and have a significant impact on the BER. We expect that our DFBP will improve the tolerance to ASE noise and have a beneficial impact on the BER after the pre-amplified receiver.
B. 64-QAM Wavelength Conversion
In the second experiment, we performed wavelength conversion of 5 Gbaud 64-QAM and the experimental results are shown in Fig. 11 . The number of samples per symbols is N s = 16. As for the case of 10 Gaud 16-QAM, the EVM improvement after DFBP of the experimental measurements matches quite well with the numerical simulations (see Fig. 5(a) ). The improvement is also significantly higher compared to 16-QAM as the 64-QAM constellation is less tolerant to the nonlinearities induced by the SOA. The EVM improvement for P p = 5 dBm is 1.2% with P s = −8 dBm and 2.5% with P s = −4 dBm. For P p = 10 dBm, the EVM improvement is 0.5% with P s = −6 dBm and goes up to 2% with P s = 0 dBm. With 64-QAM, the BER after DFBP is significantly improved for both pump power (P p = 5 dBm and P p = 10 dBm) (see Fig. 11(d) ). For certain cases, the BER improvement is as much as 2 orders of magnitude. Also, the BER for P p = 5 dBm after DFBP closely matches the one with P p = 10 dBm without DFBP. This means that with a lower pump power and with our post compensation scheme, we can achieve a better BER (comparable to the one with a higher pump power), but without sacrificing CE and energy consumption. Lower pump power directly reduces the optical source energy consumption; higher CE also leads to lower required gain for the linear amplifiers located within the router. Furthermore, a lower pump power eases achievement of tunability and low noise operation for pump sources. For the particular case of P p = 5 dBm and P s = −5 dBm after DFBP, the BER is the same as for P p = 10 dBm without DFBP, but with a significantly better CE (2.6 dB higher). As discussed in Section III, the EVM is not reliable when the signal is heavily limited by the nonlinearities, i.e., P p = 5 dBm with P s = −2 dBm and P s = 0 dBm.
V. CONCLUSION
We introduced for the first time a digital filter-based digital back propagation algorithm for post-compensation of the nonlinear distortions induced by a WC based on FWM in a SOA. We first investigated the DFBP performance in terms of the conjugate EVM via numerical simulations of 10 Gbaud 16-QAM and 5 Gbaud 64-QAM wavelength conversion. We find that our DFBP technique significantly improves the conjugate EVM for both modulation formats, but even more so for 64-QAM. We also confirmed that the DFBP scheme still works when a realistic sampling time of the receiver is used in our simulations, which is critical for real communication systems operation. Finally, we also validated our numerical results via experimental measurements of 10 Gbaud 16-QAM and 5 Gbaud 64-QAM wavelength conversion. For the case of 5 Baud 64-QAM, the measured BER is also significantly improved after DFBP. For systems in which the signal may go through multiple cascaded WCs, the DFBP could increase the maximum number or wavelength conversion stages.
The proposed DFBP is single-stage (zero loss approximation) and only considers interband process, i.e., the carrier density modulation. However, a multi-stage approach can be used in order to include the propagation losses of the SOA as in [14] . Incorporating the faster intraband processes, i.e., spectral hole burning, which involves non-Fermian population pulsations, and carrier heating, which involves carrier temperature pulsations, could allow improve the performance of the propose DFBP technique for signal with baud rate 10 Gbaud [25] . Furthermore, as the frequency detuning increases, a point will be reached where the contribution of the intraband processes to FWM will become non-negligible compared to the carrier density modulation. In this case, better DFBP performance might also be achievable by including the faster intraband processes in the analysis, however, at the cost of increased DSP complexity. These aspects will be the object of future work.
With the help of DSP techniques, WCs based on FWM in SOAs is a promising approach for wavelength conversion in next generation wavelength routed optical networks using complex high-order modulation format such as 16-QAM and 64-QAM.
APPENDIX A
A. SOA Parameters Extraction
In order to extract the static parameters of the SOA, i.e., the small-signal gain G 0 = exp (h 0 ) and the saturation power P sat of the SOA, we performed static gain versus input power measurements. The SOA bias current and temperature were controlled at 500 mA and 25°C, respectively. Fig. 12 illustrates the measured and fitted static gain versus SOA input power. The linewidth enhancement factor α, the carrier lifetime τ s were extracted directly by minimizing the EVM after DFBP with the experimental measurements of Section IV. Tables II  and III include the extracted SOA parameters for 10 Gbaud 16-QAM and 5 Gbaud 64-QAM respectively. Because of the different baud rates, the extracted value for α and τ s do not coincide. As the intraband processes have been neglected in our analysis, α and τ s will vary depending on the signal baud rate as they represent in fact an effective linewidth enhancement factor and carrier lifetime that encompass both the interband and intraband processes, but a coarse estimation of these parameters is sufficient to ensure good performance of the DFBP scheme.
